Recombinant bovine viral diarrhea virus (BVDV) nonstructural protein 5B (NS5B) produced in insect cells has been shown to possess an RNA-dependent RNA polymerase (RdRp) activity. Our initial attempt to produce the full-length BVDV NS5B with a C-terminal hexahistidine tag in Escherichia coli failed due to the expression of insoluble products. Prompted by a recent report that removal of the C-terminal hydrophobic domain significantly improved the solubility of hepatitis C virus (HCV) NS5B, we constructed a similar deletion of 24 amino acids at the C terminus of BVDV NS5B. The resulting fusion protein, NS5B⌬CT24-His, was purified to homogeneity and demonstrated to direct RNA replication via both primer-dependent (elongative) and primerindependent (de novo) mechanisms. Furthermore, BVDV RdRp was found to utilize a circular single-stranded DNA as a template for RNA synthesis, suggesting that synthesis does not require ends in the template. In addition to the previously described polymerase motifs A, B, C, and D, alignments with other flavivirus sequences revealed two additional motifs, one N-terminal to motif A and one C-terminal to motif D. Extensive alanine substitutions showed that while most mutations had similar effects on both elongative and de novo RNA syntheses, some had selective effects. Finally, deletions of up to 90 amino acids from the N terminus did not significantly affect RdRp activities, whereas deletions of more than 24 amino acids at the C terminus resulted in either insoluble products or soluble proteins (⌬CT179 and ⌬CT218) that lacked RdRp activities.
The Flaviviridae family currently comprises three genera of single-stranded positive-sense RNA viruses: flaviviruses, pestiviruses, and hepaciviruses (26) . Bovine viral diarrhea virus (BVDV) is a prototype virus in the genus Pestivirus, which also includes classical swine fever virus and border disease virus. One remarkable property of pestiviruses is the existence of two biotypes (noncytopathic and cytopathic) in each strain. The molecular basis for this distinct biotype pair is due to mechanically novel cellular gene insertions or viral genome rearrangements, which result in either enhanced cleavage at the junction site between nonstructural protein 2 (NS2) and NS3 or increased expression of NS3 (18) . This unique property makes BVDV an ideal molecular tool to study RNA recombination and the associated process, RNA replication. Both RNA replication and recombination are poorly understood at the mechanistic level in comparison to their DNA counterparts.
The RNA genome of BVDV is one of the largest (12.5 kb) among members of the Flaviviridae family (4) . Similar to the hepatitis C virus (HCV) genome, it consists of a long 5Ј untranslated region which contains an internal ribosomal entry site (IRES) for translation of viral proteins (3, 8, 25) . The single large open reading frame encodes a polyprotein of approximately 3,900 amino acids (4, 18, 26) that is processed into at least 12 functional proteins (N pro -C-E rns -E 1 -E 2 /p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B) by both host and viral proteases (6, 26, 32) . Unique to pestiviruses, the first virally encoded protein is N pro , a papain-like cysteine protease responsible for the cleavage between N pro and the capsid protein (C) (29) . BVDV E rns (formerly E 0 ) possesses RNase activity which is believed to play a role during viral RNA replication (28) .
As one of the best-characterized members of the Flaviviridae family, BVDV provides a good model system for HCV, a major etiologic agent for non-A, non-B hepatitis. Three features shared between BVDV and HCV making the BVDV model a better one than a flavivirus (such as yellow fever virus) are (i) IRES-mediated translation of viral proteins (3, 8, 15) ; (ii) NS4A cofactor requirement by NS3 serine protease (31) , and (iii) polyprotein processing within the nonstructural region, especially at the NS5A and NS5B junction site (32) . Studies by Frolov et al. (8) on the functional substitution of the IRES elements between BVDV and HCV or encephalomyocarditis virus further confirm that these positive-sense RNA viruses have similar strategies for viral translation and replication (9) . It is likely that elucidation of the molecular mechanisms for BVDV replication will add to our knowledge of HCV replication. The lack of an efficient cell culture system for HCV makes BVDV a very attractive model system. NS5B of BVDV, a key enzyme essential for viral replication, has been shown to possess an RNA-dependent RNA polymerase (RdRp) activity (33) . A near-dimer-size product was synthesized predominantly from the 3Ј end of the RNA template via a copy-back mechanism. A similar copy-back RNA synthesis activity was observed for the HCV NS5B (2, 16) . However, such a copy-back mode of RNA synthesis can be demonstrated only by in vitro assays and has not been described for other single-stranded positive-sense RNA viruses in vivo. Poliovirus, the best characterized single-stranded positive-sense RNA virus, has developed a unique de novo protein priming mechanism to initiate the RNA synthesis (22) . It is likely that de novo initiation is also the mode of replication in vivo for flaviviruses. This notion is supported by a recent report that BVDV can initiate RNA synthesis in a primer-independent fashion (14) . In this report, Kao et al. described a de novo initiation assay in which a synthetic RNA template with a 3Ј-terminal dideoxynucleotide (abolishing self-priming) was used to direct RNA synthesis. A predominant monomer-size product synthesized by the BVDV RdRp was suggested to represent the full-length complementary copy of the input RNA, which can only be the result of de novo initiation in the presence of ribonucleotide triphosphates (NTPs) (14) . Whether de novo and elongative RNA syntheses have similar requirements has not been addressed.
In the present report, a soluble recombinant BVDV NS5B lacking 24 amino acids at the C terminus was expressed in Escherichia coli and purified to homogeneity. The resulting protein, NS5B⌬CT24-His, was analyzed for the following activities: (i) primer-dependent (elongative) RNA synthesis; (ii) primer-independent (de novo) RNA synthesis; and (iii) template preference and specificity. Optimal RNA polymerization assay conditions were determined through a scintillation proximity assay (SPA). In addition, extensive site-directed mutagenesis and deletion analysis confirmed the importance of six conserved motifs for RNA synthesis, including the characteristic polymerase motifs A, B, C, and D and two new motifs identified in this study.
MATERIALS AND METHODS
Cells, oligonucleotides, and plasmids. E. coli JM109(DE3) and XL1-Blue cells were purchased from Promega (Madison, Wis.) and Stratagene (La Jolla, Calif.), respectively. DNA oligonucleotides were purchased from Life Technologies (Gaithersburg, Md.). RNA oligonucleotides were purchased from Oligos Etc. Inc. (Wilsonville, Oreg.). Expression vector pET-28a was purchased from Novagen Inc. (Madison, Wis.). The full-length cDNA clone of BVDV, pVVNADL, was kindly provided by Ruben Donis, University of Nebraska.
Construction of BVDV-NS5B expression plasmids. cDNAs encoding NS5B of the cytopathic BVDV NADL strain (pVVNADL) was generated by using a standard PCR method. NcoI and BglII sites were engineered in the PCR primers so that the PCR products could be cloned directly into the NcoI and BamHI sites of pET-28a. The 5Ј PCR primer also contained an additional methionine codon to initiate translation. Additional codons coding for a polyhistidine tag at the C terminus, GSHHHHHH, was engineered to facilitate the purification of NS5B. NS5B lacking the C-terminal 24 amino acids, NS5B⌬CT24, was constructed by a similar strategy (Fig. 1B) . The sequences of all clones were confirmed by dideoxynucleotide sequencing, using a model ABI 377 automated sequencer from Perkin-Elmer (Foster City, Calif.).
Site-directed mutagenesis and deletional analysis. The plasmid encoding NS5B⌬CT24-His was used as the parental clone for all subsequent manipulations. Site-directed mutagenesis was carried out by using a QuickChange mutagenesis kit (Stratagene). N-terminal and C-terminal deletions were first generated by PCR and then subcloned into the pET-28a vector as described above. All of the mutations and deletions were verified by dideoxynucleotide sequencing (ABI 377 automated sequencer).
Expression and purification of BVDV NS5B proteins. Expression of NS5B protein in JM109(DE3) cells, grown to an optical density at 600 nm of 0.6, was induced by isopropylthio-␤-D-galactoside (IPTG) at a concentration of 0.2 mM. After a 4-h induction at 24°C, the cells were harvested and ruptured with a microfluidizer (Microfluidics Corp., Newton, Mass.). Purification of NS5B protein was conducted under conditions similar to those described previously (7) . Briefly, the soluble cell lysates were batch-adsorbed onto Probond resin (a nickel-chelated affinity resin, Ni-nitrilotriacetic acid [NTA] , from Invitrogen, Carlsbad, Calif.) for 1 h at 4°C. The bound material was then washed with 15 column volumes of a buffer containing 1 M NaCl to remove most of the contaminating RNA and DNA. The His-tagged fusion proteins were then eluted from the column with a buffer containing 0.35 M imidazole. The eluted materials were dialyzed in a storage buffer (50 mM Tris [pH 7.5], 5 mM dithiothreitol [DTT], 500 mM NaCl, 20% glycerol, 300 nM antipain, 200 nM leupeptin) and stored at Ϫ80°C. A portion of the truncated NS5B protein (NS5B⌬CT24-His) was further purified by passage through a Superdex-200 gel filtration column (Amersham-Pharmacia Biotech, Arlington Heights, Ill.).
Western blot analysis. Proteins were separated on a 10 to 20% polyacrylamide gradient gel and electrotransferred onto a nitrocellular membrane as described previously (12) . The anti-His 6 tag monoclonal antibody (Qiagen Inc., Santa Clarita, Calif.) was used as the primary antibody, and alkaline phosphataseconjugated anti-mouse immunoglobulin G antibody (Promega) was used as the secondary antibody.
RNA-dependent RNA polymerization assay. An SPA was developed to optimize the BVDV NS5B RdRp activity as described previously (7) 12 ] were used in a standard assay. The reaction was terminated by adding 100 mM EDTA in phosphate-buffered saline (pH 7.4). The captured RNA products were quantified by using a TopCounter (Packard Instrument Company, Meriden, Conn.).
De novo initiation of RNA synthesis. A synthetic 22-base RNA, designated (Ϫ)21g, was used as the template for the de novo initiation assay. The sequence of (Ϫ)21g, derived from the 3Ј-terminal 21 nucleotides of BVDV minus-strand RNA, was 3Ј-(diH-g)CAUAUGCUCUUAAUCUUUUCC-5Ј (14) . The 3Ј-terminal guanylate was added to the BVDV sequence and modified to have a dideoxyribose (diH) so that it would prevent any RNA synthesis via self-priming. The final products were separated on a 20% denaturing polyacrylamide gel containing 8 M urea. The gel was dried and exposed to an X-ray film at Ϫ80°C. The radioactivities of the RNA products were quantified by using a PhosphorImager from Molecular Dynamics (Sunnyvale, Calif.).
RNA bandshift assay. A synthetic RNA template with a stable tetraloop at the 3Ј end, 5Ј-UUUUUUUUUUUUUUUUUUUUUUUUUUUUGGACUUCG GUCC-3Ј, was used as the probe for RNA bandshift assay. The RNA was end labeled with [␥- 33 P]ATP by T4 polynucleotide kinase (Amersham Pharmacia Biotech) according to the manufacturer's protocol. After the labeling reaction, the RNA oligomer was extracted with phenol-chloroform and precipitated by ethanol in the presence of 0.5 M ammonium acetate and 20 g of glycogen. In each binding assay, 1 pmol of labeled RNA probe and 400 ng of BVDV NS5B⌬CT24-His were incubated in a buffer containing 20 mM HEPES (pH 7.3), 7.5 mM MnCl 2 , 7.5 mM DTT, 5% glycerol, 125 mM NaCl, 100 g of bovine serum albumin per ml, 1 U of RNase inhibitor, and increasing amounts of unlabeled competitors [0, 0.1, 1, 10, or 100 pmol of poly(U), poly(A), poly(C), or poly(G)]. The binding reactions were performed at room temperature for 30 min in a 10-l reaction volume. The protein-RNA complexes were analyzed on a native 6% polyacrylamide gel. The gel was dried prior to autoradiography.
Denaturing gel electrophoresis. RNA products from RdRp reactions were resuspended in 1ϫ denaturing loading buffer (45% deionized formamide, 1.5% glycerol, 0.04% bromophenol blue, 0.04% xylene cyanol) and denatured at 90°C for 3 min. The products were separated by electrophoresis on a 5 or 15% denaturing (8 M urea) polyacrylamide gel, which was then wrapped in plastic film and exposed to X-ray film at Ϫ80°C. Product bands were quantified by using a PhosphorImager (Molecular Dynamics).
Preparation of circular single-stranded DNA template. Bacteriophage MP19 DNA was prepared by polyethylene glycol precipitation according to published protocols (27) . The virions were treated with 1 mg of protease K per ml in the presence of 50 mM Tris (pH 7.4), 250 mM NaCl, 2 mM EDTA, and 0.5% sodium dodecyl sulfate followed by extraction with phenol-chloroform and precipitation with 70% ethanol. The DNA pellet was resuspended to a concentration of 20 ng/l for use in the RNA synthesis assay.
RESULTS
Removal of the C-terminal hydrophobic domain resulted in production of soluble BVDV NS5B protein. Our initial attempt to produce soluble full-length BVDV NS5B in E. coli failed due to the expression of insoluble protein. Although a recent report by Zhong et al. (33) demonstrated that full-length BVDV NS5B expressed in insect cells can be solubilized by high concentrations of detergent, salt, and glycerol, the solubility was rather poor upon biophysical characterizations using techniques such as ultracentrifugation. This is reminiscent of our experience with the full-length HCV NS5B protein (7) . Hydropathy profile comparison between BVDV and HCV NS5Bs in Fig. 1A revealed, similar to findings for HCV, a highly hydrophobic domain of 24 amino acids at the C terminus of BVDV NS5B (Fig. 1B) . Amino acid alignments among various members (Fig. 1C) in the Flaviviridae family identified several polymerase motifs present in BVDV NS5B which are highly conserved. Interestingly, the Flavivirus genus lacks the hydrophobic domain at the C terminus (data not shown). This finding suggests that unlike those conserved polymerase motifs, the hydrophobic C-terminal domain may not participate directly in the nucleotidyl transfer reaction, making it a candidate for deletion to improve solubility.
A deletion of 24 amino acids at the C terminus of BVDV NS5B was engineered. To facilitate the purification and immunoblotting analysis, a polyhistidine peptide (GSHHHHHH) was added to both the full-length and C-terminally truncated (⌬CT24) NS5B proteins. Parallel expression and purification were performed; the results are shown in Fig. 2A . Very little if any of the full-length NS5B protein was recovered from the Ni-NTA affinity purification (lane 5), whereas the truncated NS5B⌬CT24-His was soluble and readily purified with a good yield and purity (ϳ85%) (lane 9). The expression levels of both proteins in total cell lysates were comparable, as determined by Western blot analysis (Fig. 2B, lanes 2 and 3) using an antiHis 6 tag monoclonal antibody. These results indicate that the hydrophobic domain at the C terminus decreases the solubility of BVDV NS5B protein and its removal significantly improves solubility. The NS5B⌬CT24-His protein was further purified through a Superdex-200 gel filtration column. The purity was improved to about 95% (Fig. 2A, lane 10) . This 95% pure NS5B⌬CT24-His protein was used for the subsequent optimization experiments of RNA synthesis. Mutational analysis of the BVDV NS5B was based on the cDNA encoding NS5B⌬CT24-His as the starting construct.
Optimal conditions for RNA synthesis by BVDV NS5B. To measure the RdRp activity of the BVDV NS5B⌬CT24-His protein, we developed an SPA similar to that for HCV RdRp (7) (see Materials and Methods). We first examined the effects of temperatures, pH, glycerol, and detergents (Fig. 3) . The preferred temperature for the RdRp assay was room temperature (ϳ22°C) (Fig. 3A) , as described for HCV NS5B (2, 7, 16, 17) , suggesting that BVDV and HCV RdRps may be less stable at temperatures higher than 30°C. BVDV RdRp has comparable activities within a rather broad pH range, from 6.5 to 7.5 Amino acids which are 100% conserved are in bold type with a larger font. A short dash represents an identical amino acid compared to the lead sequence derived from HCV-1b BK strain. Motif cc is likely to be motif E, based on secondary structure prediction. The overall homology between viruses of different genera is rather poor, about 20%. CSFV, classical swine fever virus; HGV, hepatitis G virus. (Fig. 3B) . In contrast to HCV RdRp, the presence of glycerol (25 to 30% [vol/vol] ) and the zwitterionic detergent CHAPS (1% [vol/vol]) in the reaction mixture enhanced the RdRp activity of BVDV (Fig. 3C and D) .
Requirements for monovalent cations and divalent cations were also determined. Monovalent salts such as NaCl (or KCl) at concentrations higher than 25 mM were inhibitory to BVDV RdRp (Fig. 4A) . The divalent ion Mn 2ϩ was required for RdRp activity, with an optimal concentration between 6 and 10 mM (Fig. 4B) . Surprisingly, Mg 2ϩ ions were not preferred and had minimal effect on RdRp activity (Fig. 4B) . The RdRp of tomato spotted wilt virus also has a strict requirement for Mn 2ϩ (1) . Several possibilities can be proposed to explain this preference for Mn 2ϩ over Mg 2ϩ : (i) presence of His tag; (ii) removal of the C-terminal domain; or (iii) use of a poly(C) template. It was shown that poliovirus 3D polymerase also preferred Mn 2ϩ when poly(C) was used as the template (data not shown). Similar to HCV RdRp (7), BVDV NS5B was inhibited by Zn 2ϩ ions with a 50% inhibitory concentration of approximately 10 M.
Template preference of BVDV NS5B. Four homopolymeric RNA template-primer pairs, poly(U)-oligo(dA), poly(A)-oligo(dT), poly(C)-oligo(G), and poly(G)-oligo(dC), were analyzed for the ability to direct RNA synthesis by the BVDV RdRp under the optimized assay conditions described above. As shown in Fig. 5A , the template-primer pair preferred by the BVDV RdRp is poly(C)-oligo(G), followed by poly(A)-oligo(dT). Both poly(G)-oligo(dC) and poly(U)-oligo(dA) were extremely inefficient in supporting the BVDV RdRp activity. Similar template preference was described previously for HCV RdRp (16) . To demonstrate further whether this template preference in RNA synthesis inversely correlated with proteintemplate binding affinity, as in the case of HCV RdRp, an RNA bandshift assay was developed. This assay detected the formation of protein-RNA complexes in solution that could be separated from the unbound RNA on a native polyacrylamide gel. A synthetic RNA of 40 bases with a stable stem-loop at the 3Ј end (see Materials and Methods for sequence) was chosen as the radiolabeled probe because of its high binding affinity to BVDV RdRp. While direct binding between polymerase and other RNAs with weaker affinities was difficult to detect, a competition experiment with unlabeled RNAs provided a more quantitative assessment of the binding efficiencies of different RNA templates. NS5B⌬CT24-His formed stable complexes with 1 pmol of 33 P-labeled probes (Fig. 5B , lanes 1, 6, 11, and 16). Complex formation was inhibited by various competitors with different efficiencies. When increasing amounts of each template (0.1, 1, 10, and 100 pmol) were added, poly(U) was the most efficient competitor in inhibiting the interaction between BVDV RdRp and the radiolabeled RNA probe (lanes 2 to 5). Poly(G) was also a very effective competitor and inhibited most of the binding at 10 pmol (lane 19). Poly(A) competed inefficiently at higher concentrations (10 and 100 pmol), whereas poly(C) did not compete at all. Altogether, these results suggest that the template preference by BVDV NS5B for RNA synthesis is inversely correlated with the binding affinity of the same template, a feature consistent with those reported for HCV and poliovirus RdRps (16, 19) .
RNA synthesis from a circular single-stranded DNA template. Previous reports demonstrated that the BVDV RdRp was able to utilize DNA template, although less efficiently, to direct RNA synthesis for both primer-dependent and primerindependent modes of replication (14, 33) . In contrast, the HCV NS5B RdRp was reported to not use DNA as a template for RNA synthesis (5). To investigate further the template specificity of BVDV RdRp, a circular single-stranded DNA (ssDNA template, MP19(M13), as well as a supercoiled plasmid DNA (pUC18) were tested for RNA synthesis activity (Fig. 6A) . We observed that the BVDV RdRp could utilize the circular ssDNA, but not the double-stranded DNA, for RNA synthesis. The RNA synthesis is specific for the BVDV RdRp because mutant BVDV NS5B proteins that were defective for synthesis from RNA did not produce any products from MP19 (data not shown). The RNA products produced by BVDV NS5B entered poorly into the 5% denaturing gel and were heterogeneous in size (longer than 300 bases), suggesting that the polymerase either initiated or terminated at different positions. These results demonstrated that the initiation of RNA synthesis did not require a free terminus on the template. At present, it is not clear whether this synthesis is de novo.
RNA synthesis from the ssDNA MP19 was further characterized. The RNA synthesis observed was specific for MP19, not from an endogenous contaminating RNA since no synthesis was detected in the absence of MP19 (Fig. 6B) . Also, the radiolabeled products were not produced by terminal labeling since removal of one or more of the NTPs abolished RNA synthesis, as shown in lane 2 of Fig. 6B (removal of ATP and UTP from the reaction mixture abolishes RNA synthesis completely). Poly(U) and poly(C) RNAs present at 1:1 ratio reduced the synthesis from MP19 to less than 20%, suggesting that RNA was the preferred template that competed efficiently for interaction with NS5B (Fig. 6B) . Last, product formation from MP19 was not affected by the presence of rifampin and actinomycin D, inhibitors of DNA-dependent RNA polymerases. A somewhat surprising finding is that novobiocin, which was previously shown to inhibit RNA synthesis by brome mosaic virus replicase (50% inhibitory concentration of 75 M), had no effect on BVDV RdRp-directed RNA synthesis (30) . It is possible that novobiocin targets a protein in the brome mosaic virus replicase complex other than RdRp.
Mutational analysis of BVDV NS5B RdRp. Amino acid sequence alignments between BVDV NS5B and other flavivirus RdRp revealed six conserved sequence motifs, four of which (A, B, C, and D) were characteristic polymerase motifs. The other two have not been previously described for this class of viral RdRps; one (named nc) is N terminal to motif A, and the other is (named cc) is C terminal to motif D (Fig. 1B and C) . The nc motif is rich in lysine (K) and arginine (R) and thus is likely to play a role in interacting with RNA template/primer and/or nucleotide. The nc motif is highly conserved (more conserved that motif D), suggesting that it may play a direct and important role in the nucleotidyl transfer reaction. The cc motif consists of an cysteine-serine pair invariable among flavivirus RdRp, which is likely to be part of the motif E as described by Hansen et al. for the poliovirus 3D polymerase (11) . However, the cc motif is not well conserved between flavivirus RdRp and that of picornaviruses, making it hard to identify this motif across virus families.
To further characterize the BVDV RdRp activities, a panel of alanine substitutions was introduced by site-directed mutagenesis in all six conserved motifs, with an emphasis on motifs nc and cc. All catalytically important amino acids in motifs A to D are numbered in Fig. 7 ; the importance of these amino acids had been previously described or hypothesized (11) . Mutations created in motifs nc and cc were novel and unique to RdRp. All of the mutant proteins were purified similarly to that of the parental protein, NS5B⌬CT24-His, and analyzed for both primer-dependent RdRp [elongative synthesis using poly(C)-oligo(G) as the substrate] (Fig. 5A ) and primer-independent RdRp (de novo RNA synthesis) (Fig. 8) activities. The results are summarized in Table 1 . For motif A, substitution of the first aspartate residue (D345A) abolished elongative synthesis and significantly reduced de novo synthesis, consistent with its proposed function for binding to the catalytic divalent metal ion (Mg 2ϩ or Mn 2ϩ ) (11, 13) . The aspartate (D 350 ) residue and the asparagine (N 414 ) in motif B are believed to be involved in the selection of ribonucleotide versus deoxyribonucleotide (10, 11) . Substitution of D 350 with alanine (D350A) did not affect primer-dependent synthesis and somewhat (Ͼ2-fold) enhanced de novo synthesis. The N414A substitution, however, reduced both RdRp activities significantly. Neither mutant D350A nor mutant N414A incorporated dNTPs above the background level (data not shown). Two additional substitutions, S405A and G406A, were made for motif B. The invariable glycine residue (G 406 ), was suggested to coordinate template and/or primer positioning (24), and we found it important for both RdRp activities. On the other hand, the S405A mutation had a less severe effect on both RdRp activities.
Motif C is the signature motif for RdRps and is highly conserved in RdRps, although variations in the glycine have been reported (20) . Both aspartate residues (D 448 and D 449 ) are essential for coordinating divalent cations used in binding NTPs (13) . Substitutions (D448A and D449A) at these two positions were lethal to RdRp activities. Substitution of the glycine residue (G447A) was also detrimental to both RNA syntheses, reducing the RNA synthesis to around 15% of the wild-type level. Motif D is less defined by the sequence alignment; the substitution of lysine residue (K475A) reduced primer-dependent synthesis drastically, confirming that the motif assignment may be correct.
Motifs nc and cc were previously uncharacterized, and mutations in these motifs revealed interesting results. In motif nc, two arginine residues (R 285 and R 295 ) are conserved. Substitutions at these positions abolished both forms of RNA syntheses, making these two arginine residues candidates for interacting with RNA template and/or primer, or with nucleotide. Interestingly, the two conserved lysines, K 282 and K 293 , were less critical for RNA synthesis (K282A and K293A). In fact, K282A reproducibly exhibited higher activity in elongative synthesis than the wild type (200%). Another conserved amino acid in motif nc is isoleucine (I 287 ). Mutation at this position reduced both activities to the background level. The Alanine substitutions in motif cc revealed that the cysteine and serine residues (C 497 and S 498 ) were important for RdRp. Substitutions at these positions reduced the elongation to about 10 to 15% and almost completely abolished de novo synthesis, suggesting that they may be part of the motif E which is less conserved among various viral RdRps ( Table 1) . The other two conserved amino acids among flavivirus RdRps, R 518 and D 519 , were less important, although R518A seems to have a more profound effect on de novo synthesis, reducing it to the background level. The analyses above demonstrate that while most of the mutations have similar effects on both modes of RNA synthesis, several had selective effects on elongative or de novo modes of RNA synthesis.
A minimal active domain of BVDV NS5B. To map the minimal domain required for NS5B enzymatic activities, we constructed a series of N-and C-terminal truncations (Fig. 7) . Since the N-terminal domain of BVDV NS5B is about 130 amino acids longer than that of HCV NS5B (Fig. 1A) , it is desirable to delete this sequence. It has been shown that deletions at the N terminus are detrimental to the RdRp activities of HCV (16) and poliovirus (23) . Deletional analysis from the N terminus of BVDV NS5B revealed that up to 90 amino acids could be removed without significantly affecting the RdRp activities. Removal of an additional 16 or more residues (N-106 and N-117) abolished both elongative and de novo RNA syntheses (Table 1) . Further truncations (N-156 and N-199) resulted in insoluble products. The N-terminal deletional analysis demonstrates that BVDV can tolerate some degree of truncation from the N terminus.
Deletions from the C terminus revealed, unexpectedly, that only the hydrophobic 24 amino acids could be removed (in NS5B⌬CT24-His) without reducing RNA synthesis. Deletions of 60, 100, or 140 amino acids from the C terminus resulted in insoluble products, possibly due to the misfoldings of the truncated products. Further deletions of 179 and 219 amino acids yielded soluble products that, however, lacked RdRp activities (Table 1) . These results are in contrast to those of HCV RdRp, in which 63 amino acids can be removed without affecting RdRp activity (7).
DISCUSSION
In this work, we have (i) performed extensive mutational and deletional characterizations of the BVDV RdRp which provide insights to the structure and activity of this class of polymerases; (ii) identified of two additional motifs (nc and cc) important for activity; (iii) examined the correlation between two modes of RNA syntheses (elongative and de novo); and (iv) optimized the conditions for BVDV RdRp activity, allowing comparisons with other related viral RdRps. These results significantly contribute to our knowledge on BVDV viral RNA replication.
Based on sequence comparisons, RdRps have been proposed to contain a number of sequence motifs (11, 24) . Mutations in motifs A to D are largely consistent with those of the HCV NS5B protein (16, 17) and those made for numerous RNA viruses (20) . We predict that the cc motif is likely to be motif E (11), although motif E is not well conserved between flavivirus RdRp and that of poliovirus. It is interesting that RNA viruses also contain an arginine/lysine-rich nc motif at similar positions in the linear sequences of their RdRps; this well-conserved motif is important for RdRp activities, and we speculate that it may interact with template and/or primers or with nucleotides. Unfortunately, the corresponding region in the poliovirus RdRp is disordered in the crystal structure of poliovirus 3D pol (11) . A higher-resolution structure, preferably in complex with RNA, is required to confirm our prediction.
BVDV NS5B is a large protein (719 amino acids) compared to members in the genus Hepacivirus, such as HCV. Our sequence alignment revealed that the BVDV NS5B protein has an extra domain of approximately 130 amino acids at the N terminus. The hydropathy profile comparison (Fig. 1A) between BVDV and HCV NS5Bs indicates that this extra Nterminal domain is rather hydrophilic. Our deletional analysis demonstrated that at least 90 amino acids of the N terminus could be removed without affecting RdRp activities in vitro. For HCV and poliovirus, deletions of 19 and 5 amino acids have been shown to be detrimental for their RdRp activities (16, 23) . It has been suggested that the N-terminal domain of poliovirus RdRp may be important for self-interaction to form functional oligomers of the polymerase (11, 21) . This is unlikely to be the same for BVDV RdRp, at least not for the first 90 amino acids. A BLAST search of GenBank databases failed to identify any meaningful homologs of the N-terminal do- Similar to that of HCV, BVDV RdRp possesses a hydrophobic domain at the C terminus. Consistent with the results of HCV NS5B, removal of this domain greatly increases the solubility of the BVDV NS5B, suggesting that this domain plays a common and important structural role in RNA replication, possibly as a membrane anchor.
The largely similar effects of mutations on de novo and elongative RNA syntheses confirm that both modes of RNA synthesis are catalyzed by the same active site in the polymerase. It will be interesting to determine which mode of RNA synthesis is more efficient. In poliovirus, oligonucleotide-directed RNA synthesis is far more dominant than proteinprimed (de novo initiation) synthesis. However, de novo protein-primed synthesis is the mode of replication acquired by poliovirus (22) . We believe that de novo initiation is a plausible mechanism of replication by BVDV and possibly by other members in the Flaviviridae family as well.
